Introduction {#section1-2058-5241.1.000012}
============

Surgical planning has gone through many different stages in the evolutionary history of modern medicine, moving simultaneously with the progression of the available technologies for diagnostic imaging. From the simple radiographs of the early 1900s, we arrived at modern acquisition systems such as computed tomography (CT) and magnetic resonance imaging (MRI) which provide the surgeon with detailed reconstructions of the patient anatomy, in combination with advances in image processing. Today, thanks to 3D printing (3DP) technology, we can make a further step, moving from the virtual world to the physical one.

Although 3DP was born in the mid-1980s, only in recent years has it started to become widely known in both surgical and non-surgical worlds. 3DP is based on an additive manufacturing (AM) process that can realise objects by adding material layer by layer, rather than by subtraction from the raw material as is the case with conventional technologies. 3DP has recently been defined as the third industrial revolution; this definition seems to be particularly suitable in relation to the huge number of possibilities offered by this technology in various fields, including the medical one. To date, 3DP has begun to have an emerging role in some medical fields, such as dentistry, orthopaedics and traumatology. Its great success in these fields stems from the ease of medical image processing as it mainly involves bone structures, offering clear visiblity and contrast. The segmentation process that allows translation from medical images to the virtual model consists of extracting the specific structure in each layer of the image dataset. Once this process is completed, the final model is exported to a suitable format for 3DP and prototyped. At the end of a post-processing phase articulated according to the specific production technology, it is possible to provide a replica of the anatomy of interest. Parenchymatous organs, such as in the abdomen, are much less contrasted and with very low differences between the various structures. For this reason, unlike bones or vascular contrasted structures, the algorithms that perform automatic segmentation or contrast-based projections are not sufficient to improve the presentation of clinical data.

The advent of minimally-invasive techniques such as laparoscopic surgery, or - more recently - robotics, have completely changed surgeons' approach to intervention. There is a need for greater understanding of the specific anatomy in order to plan not only the various phases of the intervention, but also the access of surgical instruments. For this reason, it is necessary to provide surgeons with facilities that allow them to properly investigate the clinical situation. Moreover, in the orthopaedic or traumatology fields it is possible to let the surgeon test in advance the specific procedure on a 3D printed model, applying screws or plates, or testing the drilling path.

In current clinical practice, however, medical images such as CT and MRI, or in some cases, projections or 3D reconstructions, are normally used as essential support for pre-operative planning. 3D printed models are useful for transferring information to the surgeon in a more informative way and allow for improved, more detailed surgical planning. They can help to illustrate intervention procedures to novice surgeons and patients, and can be useful for testing the procedure on patient-specific (PS) anatomy through the use of printing materials able to resemble the mechanical properties of bone.

Materials and methods {#section2-2058-5241.1.000012}
=====================

Image analysis {#section3-2058-5241.1.000012}
--------------

The first step in the generation of a PS model is the extraction of the target geometry from medical images. This image segmentation process partitions an image area or volume into non-overlapping, connected regions, homogeneous with respect to certain signal characteristics.^[@bibr1-2058-5241.1.000012]^

The main objective is to reduce the complexity of the original image, leaving a comprehensive representation of the characteristics of interest. The level of partitioning of the image depends on the complexity of the problem being faced. The segmentation should end when the object of interest has been located. From a practical point of view, the segmentation of a picture consists of assigning to each pixel a label, which establishes the membership of a particular group. Many segmentation algorithms can be found in the literature, classified in various ways, but none of them can be applied without substantial modifications to the anatomical area in question, so the choice of appropriate method depends on the nature of the matter.^[@bibr2-2058-5241.1.000012],[@bibr3-2058-5241.1.000012]^

In relation to our goals, we can divide the segmentation procedures in to the following categories:

1.  a) manual, where the outline of the image portion to be assigned a specific label must be drawn by hand;

2.  b) automatic, where the algorithm automatically divides the image into regions that show similar characteristics within these areas, and differ from one region to the other for the same characteristics, and

3.  c) semi-automatic, which represents a compromise between the two previous techniques.

This last approach requires a modest interaction with the user, who is asked to set some parameters to control the evolution of the algorithm. Modern multi-detector computed tomography (MDCT) equipment is able to provide up to several hundred images for each phase: thus, a manual approach is not compatible with the quantity of images to be processed. Moreover, it is also highly operator-dependent. Automatic segmentation systems have been developed for different anatomical regions, such as bones, liver and colon. These structures are characterised by greater homogeneity on the radiological image, but the algorithm is based on several assumptions that sometimes limit the range of applications. Semi-automatic algorithms seem to be the best option, since they require limited interaction with the user, yet they are more flexible and thus can be applied in a variety of clinical situations.

Within all the three cited categories, many types of algorithm are listed (see survey of the different techniques typically applied to medical images).^[@bibr4-2058-5241.1.000012]-[@bibr6-2058-5241.1.000012]^ Many different commercial software programmes allow medical image segmentation.^[@bibr7-2058-5241.1.000012]-[@bibr11-2058-5241.1.000012]^ In order to give an overview of the process, we will take as an example the image segmentation performed using the commercial software, ITK-Snap^[@bibr12-2058-5241.1.000012]^ (Philadelphia, PA). The software implements a semi-automatic procedure based on a simple region-growing algorithm. The segmentation process of each structure begins from the definition of a grey level window including all the grey shades of the structure of interest. The second step is to define one or more starting points on the images; the spherical surfaces from which the algorithm will start its evolution. The algorithm develops within and through each MDCT slice, until the user stops its evolution. If the structure is well-contrasted with respect to its surroundings, the user can also allow the algorithm to evolve until the region identified will not evolve any further. The evolution is based on various parameters, including: a) an expansion factor which controls the forces acting inwards and outwards upon the segmentation surface; and b) a curvature factor that controls how the 3D surface is able to lose its sphericity and adapt to the details of the image. When the algorithm has completed its evolution, the resulting label set is rendered to achieve a 3D surface. The virtual model is navigable and the user can interact with it, changing the transparency or colour of each structure in the 3D rendering, as well as providing a detailed view of the interaction among the different anatomical structures. The next step is to move to a suitable format for successive 3DP purposes.

The worldwide accepted standard for 3DP is the standard triangulation language (STL) file. An STL file outlines the geometrical representation of the object through a mesh (for example a series of oriented triangles). The higher the number of oriented triangles, the better the object will be described in terms of surface quality. Depending on the specific clinical case, some additional post-processing on the final 3D virtual model may be necessary, such as surface smoothing, ensuring that clinical information is not compromised during this process.

3D prototyping {#section4-2058-5241.1.000012}
--------------

Additive manufacturing is the formalised term for what used to be called rapid prototyping (RP), and what is popularly called 3DP. The term RP is used in a variety of industries to describe a process for rapidly creating a system or part representation before final release or commercialisation.^[@bibr13-2058-5241.1.000012]^ Thus, from a technical point, 3DP is a subset of AM. A now-prevailing categorical view of AM processes was developed by the ASTM International Committee F42 using AM technologies.^[@bibr14-2058-5241.1.000012]^ The Committee was formed in 2009 and the current version of 3DP technologies classification was released in 2010. ASTM identified seven categories with more than 30 variations on the basic theme, each with its advantages and disadvantages.^[@bibr15-2058-5241.1.000012]^ In [Table 1](#table1-2058-5241.1.000012){ref-type="table"} an overview of process classes is presented, along with examples of leading companies that produce machines for each process, typical materials classes and the most popular markets for use. Companies highly specialised in medical prototyping are a developing market.^[@bibr16-2058-5241.1.000012],[@bibr17-2058-5241.1.000012]^

###### 

Additive manufacturing: seven categories as identified by ASTM, with some examples of companies that provides the specific technology, compatible materials and field of application

  Process                        Ex. companies                                        Materials                        Market
  ------------------------------ ---------------------------------------------------- -------------------------------- ------------------------------------------
  **Vat photopolymerisation**    3DSystems (USA), Envisiotec (Germany)                Photopolymeric                   Prototyping
  **Material jetting**           Objet (Israel), 3DSystems (USA), Solidscape (USA)    Polymers, waxes                  Prototyping, casting patterns
  **Binder jetting**             3DSystems (USA), Ex-One (USA), Voxelijet (Germany)   Polymers, metals, foundry sand   Prototyping, casting moulds, direct part
  **Material extrusion**         Stratasys (USA), Bits from Bytes, RepRap             Polymers                         Prototyping
  **Powder bed fusion**          EOS (Germany), 3DSystems (USA), Arcam (Sweden)       Polymers, metals                 Prototyping, direct part
  **Sheet lamination**           Fabrisonic (USA), Mcor (Ireland)                     Paper, metals                    Prototyping, direct part
  **Direct energy deposition**   Optomec (USA), POM (USA)                             Metals                           Repair, direct part

The first step to printing a PS model in 3D is the slicing process, which consists of cutting the virtual model into thin bi-dimensional layers, each layer equal in thickness. Each slice is then sent to the 3D printer which deploys the corresponding layer of material. The building plate then lowers to the same thickness of the layer, and the printer deploys a new layer. Printing technologies differ in the way layers are laid down and cured: each technology is characterised by a layer and in-plane resolution which affects the tolerance of the final printed object with respect to the virtual model. Since we are applying this technology to the medical field, the best option would be to use high-resolution printers, although they commonly have high costs. Depending on the specific application it is possible to choose between Stratasys FDM® (Eden Prairie, MN) or fused filament fabrication (FFF) technology, characterised by a low resolution (300-100 µm), or photopolymer or chalk-based printers (100-10 µm).

Applications {#section5-2058-5241.1.000012}
============

Orthopaedics and traumatology have been among the first medical fields to use 3DP technology to build PS models, along with maxillofacial surgery. This stems from the straightforward elaboration required by radiological images of the involved structures. Bone structures are well-contrasted with respect to the surrounding structures, thus they can be simply segmented from medical images using automatic or semi-automatic algorithms. Moreover, the advent of selective laser sintering (SLS), an AM technology able to process metal and ceramic powder, allowed the production of personalised prostheses, to be tailored to the specific geometry of each clinical case. The introduction of materials for 3D printers which can be sterilised also paved the way to the prototyping of personalised instrumentation for orthopaedic and traumatology surgery.

In [Table 2](#table2-2058-5241.1.000012){ref-type="table"}, the presented applications and related bibliography are summarised.

###### 

Summary of 3DP applications in traumatology and orthopaedics

  Applications                       References
  ---------------------------------- ---------------------------------------------------------------------------------------------------------------------------
  **PS models**                      
  Orthopaedics                       ^[@bibr18-2058-5241.1.000012]-[@bibr25-2058-5241.1.000012]^
  Traumatology                       ^[@bibr18-2058-5241.1.000012],\ [@bibr26-2058-5241.1.000012],\ [@bibr27-2058-5241.1.000012]^
  **PS Implants and orthoses**       
  Implants                           ^[@bibr28-2058-5241.1.000012],\ [@bibr29-2058-5241.1.000012],\ [@bibr30-2058-5241.1.000012]-[@bibr38-2058-5241.1.000012]^
  Biomaterials                       ^[@bibr39-2058-5241.1.000012]-[@bibr42-2058-5241.1.000012]^
  Orthoses                           ^[@bibr43-2058-5241.1.000012],\ [@bibr44-2058-5241.1.000012]^
  **Personalised instrumentation**   
  Templates                          ^[@bibr45-2058-5241.1.000012],\ [@bibr46-2058-5241.1.000012]^
  Surgical guides                    ^[@bibr47-2058-5241.1.000012]^

PS models {#section6-2058-5241.1.000012}
=========

The main goal of a 3D-printed PS model is to resemble the clinical case, in order to give a more detailed overview to the surgeon. The 3DP material also plays a central role, especially when the model can be used for the testing of the procedure in advance. Where bone models are concerned, chalk-based printers can be useful, since they are able to give the surgeon the feeling and the mechanical response of a real bone while drilling or applying screws or plates. Operations can also be made on plastic models in order to visualise the final outcome of the intervention.

In the following, key literature on the usage of 3DP will be presented, with a special focus on orthopaedics and traumatology applications.

Orthopaedics {#section7-2058-5241.1.000012}
------------

Orthopaedic surgery can present considerable challenges in cases with extensive primary injuries with multiple bone fragmentation, as well as in those presenting bone deformities. Radiographs are used routinely for orthopaedic surgical planning, yet they provide inadequate information on the precise 3D extent of bone defects.^[@bibr18-2058-5241.1.000012]-[@bibr19-2058-5241.1.000012]^ Examples of the application of 3DP within the orthopedic field have spread rapidly in the last few years and include the use of a 3DP model to assess the surgical approach for corrective osteotomies, in order to gain a more informative overview of the anatomy and to improve the detail of planning, especially in cases of minimally-invasive surgery. The approach has been employed in a case of forearm deformity ([Fig. 1](#fig1-2058-5241.1.000012){ref-type="fig"}),^[@bibr20-2058-5241.1.000012]^ to plan a corrective osteotomy for cubitus varus^[@bibr21-2058-5241.1.000012]^ and in the treatment of recurrent anterior shoulder instability ([Fig. 2](#fig2-2058-5241.1.000012){ref-type="fig"}).^[@bibr22-2058-5241.1.000012]^

![3DP model for planning the surgical correction of a forearm deformity.^[@bibr20-2058-5241.1.000012]^](eor-1-121-g001){#fig1-2058-5241.1.000012}

![3DP model of a right shoulder in external rotation with the Hill-Sachs lesion fully engaged.^[@bibr22-2058-5241.1.000012]^](eor-1-121-g002){#fig2-2058-5241.1.000012}

The availability of a 3D printed model can also be a fundamental aid in the placement of screws or surgical plates, mainly thanks to the possibility of testing in advance of the procedure; examples include pedicle screw placement in a clinical case of severe congenital scoliosis^[@bibr23-2058-5241.1.000012]^ or, more in general, applications to spinal surgery^[@bibr24-2058-5241.1.000012], [@bibr25-2058-5241.1.000012]^ with the aim of designing PS surgical guides.

Traumatology {#section8-2058-5241.1.000012}
------------

3DP models can also aid the visualisation of traumatic situations, such as complex bone fragmentation. This is one of the most widely-used applications of 3DP to PS model prototyping. Orthopaedic surgeons at the Walter Reed Medical Center (Bethesda, MD) have developed models of the human knee using 3DP technologies. These models have been used for surgical procedures where a wound is near a nerve or arterial junction, with little tolerance for error.^[@bibr26-2058-5241.1.000012]-[@bibr27-2058-5241.1.000012]^ Other examples include: a) shoulder models, to help design implants to correct fractures of the head of the humerus; b) hip models, which can act as an important treatment planning tool in complex cases to aid the chances of successful surgical outcome and long-term implant stability and to aid the design of custom-made acetabular sockets that fit into the remaining bone stock; and c) knee models to design a custom-made knee prosthesis that required fixation stems in an unusual configuration relative to the displaced tibial plateau.^[@bibr18-2058-5241.1.000012]^

Maxillofacial surgery {#section9-2058-5241.1.000012}
---------------------

One of the most established applications concerns maxillofacial/craniofacial surgery. Here, 3D printed models appear to be held in high regard. In many cases this type of surgery can take place over many years resulting in numerous operations to correct deformity. A superior treatment plan resulting from the use of medical models can lead to enhanced surgery with the prospect for better primary care and fewer follow-up procedures to correct for irregularities.^[@bibr18-2058-5241.1.000012]^

Oncology {#section10-2058-5241.1.000012}
--------

Tumour resection can benefit significantly from 3D printed models. An example is the resection of a cranial tumour.^[@bibr28-2058-5241.1.000012]^ The applied technique is based on a custom model of the tumour and surrounding skull, reconstructed from medical images from which the resection of the tumour and shape of the cranioplasty can be determined. The technique facilitated accurate surgical resection of the tumour and subsequent reconstruction. The surgeon reported several advantages of the technique including increased confidence, reduced operating time (by at least 60 minutes), excellent cosmetic results, accuracy and simplicity. The patient reported that the opportunity to see the 3D printed model improved their understanding of the procedure.^[@bibr28-2058-5241.1.000012]^ A model constructed to aid surgery in the case of a 6-year-old patient with a largescapular osteochondroma is also reported in Tam et al's 2012 paper.^[@bibr29-2058-5241.1.000012]^

PS implants and orthoses {#section11-2058-5241.1.000012}
------------------------

Another important field of application is the 3DP of PS prostheses thanks to the introduction of metal 3D printers based on powder bed fusion or direct energy deposition technology ([Table 1](#table1-2058-5241.1.000012){ref-type="table"}). The possibility of building customised objects in stainless steel, titanium, ceramics or high-performance plastics like poly-ether-ether-ketone (PEEK) paved the way for the creation of customised prostheses. At present, many companies that produce metal prototypes also provide PS implants (for example, LayerWise (Leuven, Belgium).^[@bibr30-2058-5241.1.000012]^ Specialist orthopaedic companies are now also present in the market (such as Lima Corporate (Assago, Italy).^[@bibr31-2058-5241.1.000012]^ The prosthesis can be created using CAD software with the ability to design the product based directly on the virtual PS geometry retrieved from medical images ([Fig. 3](#fig3-2058-5241.1.000012){ref-type="fig"}).

![Spinal implant cage for a case of severe back pain.^[@bibr41-2058-5241.1.000012]^ <https://www.rmit.edu.au/news/all-news/2015/august/australias-first-3d-printed-spine-implant/>](eor-1-121-g003){#fig3-2058-5241.1.000012}

3DP is not only useful to tailor the prosthesis based on specific anatomy but also to recreate an exact surface finish or a controlled porosity able to aid osteointegration. 3D printed implants are reported in several clinical cases, like total hip arthroplasty^[@bibr32-2058-5241.1.000012]^ or total calcanectomy ([Fig. 4](#fig4-2058-5241.1.000012){ref-type="fig"}).^[@bibr33-2058-5241.1.000012]^ They are also extensively used in maxillofacial surgery^[@bibr34-2058-5241.1.000012], [@bibr35-2058-5241.1.000012]^ and cranio-maxillofacial surgery.^[@bibr36-2058-5241.1.000012], [@bibr37-2058-5241.1.000012]^ Absorbable materials have been used to realise bone fixation implants.^[@bibr38-2058-5241.1.000012]^ The more recent introduction of biocompatible materials for RP allowed the production of grafts for bone reconstruction or the building of bio-scaffold, for tissue engineering. Biocompatible materials include metals, ceramics and polymers. Bioceramics such as hydroxyapatite are currently the preferred material for bone reconstruction.^[@bibr39-2058-5241.1.000012], [@bibr40-2058-5241.1.000012]^ Bone graft substitutes created in the use of 3D printed scaffolds are usually made from a composite of polycaprolactone (PCL), poly-lactic-co-glycolic acid (PLGA), and *β*-tricalcium phosphate (*β*-TCP). Improvements to the biological functionality of 3D-printed synthetic scaffolds have been attempted by ornamenting them with a cell-laid mineralised extracellular matrix (ECM) that mimics a bony micro-environment.^[@bibr42-2058-5241.1.000012]^ Metals like titanium can be used particularly in load-bearing areas, such as for hip reconstruction. Tissue engineering aims to aid in the repair and/or regeneration of bone defects by using a scaffold as a platform for carrying cells or therapeutic agents to the site of interest. An ideal scaffold aims to mimic the mechanical and biochemical properties of the native tissue. In order to effectively achieve these properties, a scaffold should have a suitable architecture favouring the flow of nutrients for cell growth. It should also have osteoconductive properties, supporting cells through a suitable surface chemistry.^[@bibr43-2058-5241.1.000012]^

![3DP calcaneal prosthesis to replace a totally removed calcaneum.^[@bibr33-2058-5241.1.000012]^](eor-1-121-g004){#fig4-2058-5241.1.000012}

Another interesting application of 3DP is the realisation of PS orthoses; created using a reverse engineering approach based on 3D scanners, PS orthoses are able to capture the area of interest. This approach allows a seamless fitting to the patient's anatomy and optimisation in the selection of the design and materials. Personalised orthoses have been applied to ankle-foot complex motion restoration,^[@bibr44-2058-5241.1.000012]^ and for the healing of fractured limbs.^[@bibr45-2058-5241.1.000012]^

Personalised instrumentation {#section12-2058-5241.1.000012}
----------------------------

3DP plays also an important role in the design and production of personalised instruments and surgical guides, thanks to the availability of sterilisable and biocompatible printing materials. Orthopaedic surgery in particular benefits from this technique. Examples come from the creation of a personalised osteotomy template for the surgical treatment of cubitus varus deformity,^[@bibr46-2058-5241.1.000012]^ and for total knee arthroplasty and the prototyping of PS instruments during simulated pelvic bone tumour surgery.^[@bibr47-2058-5241.1.000012]^ Guides for pedicle screw placement have also been created through 3DP techniques^[@bibr48-2058-5241.1.000012]^ ([Figs 5](#fig5-2058-5241.1.000012){ref-type="fig"}[](#fig6-2058-5241.1.000012){ref-type="fig"}-[7](#fig7-2058-5241.1.000012){ref-type="fig"}). The main benefit of this approach comes from the reduction of intra-operative time, since the surgeon has already planned the most suitable position of all the instruments before the intervention.

![Intra-operative placement of tubular guides for spinal neuronavigation.^[@bibr48-2058-5241.1.000012]^](eor-1-121-g005){#fig5-2058-5241.1.000012}

![PS surgical guides mounted on a PS pelvic bone model.^[@bibr47-2058-5241.1.000012]^](eor-1-121-g006){#fig6-2058-5241.1.000012}

![Osteotomy template for surgical treatment of cubitus varus.^[@bibr46-2058-5241.1.000012]^](eor-1-121-g007){#fig7-2058-5241.1.000012}

Conclusions {#section13-2058-5241.1.000012}
===========

The use of physical models for treatment planning and visualisation, instead of the sole use of CT, MRI data or virtual reconstruction, has a number of distinct advantages. Software methods which give the illusion of 3D volumes on a 2D screen can cause problems regarding the viewing angle, depth, transparency and lighting anomalies that manifest as viewing orientation uncertainties.^[@bibr18-2058-5241.1.000012]^ Successful surgical correction of deformities such as of the hip joint before the onset of osteoarthritis requires the accurate characterisation of anatomical deviations as the first step in the planning of a corrective osteotomy. Pedicle screws inserted with a standard surgical technique have sometimes penetrated the outer bony wall or even missed the pedicle.^[@bibr49-2058-5241.1.000012]^ Complex anatomical relationships (bone fragments in the vicinity of fracture sites, for example) can be better appreciated on 3D solid models 'in hand'. Touch seems to recalibrate the visual perception so that it is better able to infer depth from the retinal projection.^[@bibr50-2058-5241.1.000012]^ The sensory information exploited by the haptic system for the recognition of real objects is made by kinaesthetic and cutaneous inputs. While kinaesthetic inputs refer to the perception of the spatial configuration of the hand and fingers, the cutaneous inputs deal with the perception of the contact conditions between the human hand and the real object.^[@bibr51-2058-5241.1.000012]^ Vision and touch generate functionally overlapping, but not necessarily equivalent, representations of 3D shape. Within the orthopaedic and traumatology field, 3DP also enables advance testing of the surgical procedure; this possibility can lead to a better intervention outcome and a reduction of operation time. 3D-printed models can be a useful tool for the teaching and training of novice surgeons, improving the quality of training and the learning curve.
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